In this paper, we propose a kind of variable scale aperture sampling reception (VSASR) method for multiple orbital angular momentum (OAM) modes vortex wave reception and demodulation. The VSASR method overcomes the restrictions of equal interval OAM modes which is necessary for the existing partial aperture sampling reception method for keeping the OAM modes orthogonality. Thus, it has higher OAM modes multiplexing utilization efficiency than the partial aperture sampling reception method at the same reception aperture. It is also well for vortex wave consistency reception. Although the orthogonality is a little damaged and there are some other crosstalk OAM modes, the main transmission OAM modes can be kept and distinguished by introducing some specific digital signal processing methods. Finally, for a verification of the presented VSASR method, several reflective metasurface antennas working at 10 GHz are designed, fabricated, and measured to generate different OAM vortex waves. Both the electromagnetic simulation and the measurement experiments are consistent well with the proposed theory analysis, which demonstrates the correctness and effectiveness of the proposed method.
OAM modes will not be guaranteed any more [20] , [21] , and the crosstalk OAM modes occur. Thus, many vortex wave reception detection methods and the related analysis were proposed [15] , [18] , [22] [23] [24] [25] [26] [27] [28] [29] although they each have their own advantages and disadvantages.
The single-point method and the phase gradient method were presented earlier [22] . For phase gradient method although it is convenient in single OAM mode reception detection but it cannot be used in multiple OAM modes reception. Considering the OAM multiplexing technology as a subset of multiple input multiple output (MIMO) technology [30] the OAM reception method that based on the MIMO technology was presented [23] , [24] . Based on the MIMO theory and technology this method is theoretically complete but it did not consider the special OAM vortex wave electromagnetic field distribution and the special vortex beam characteristics. Some other special OAM vortex wave reception schemes that considered the specific vortex wave field distributions were designed, but it belongs to the full aperture sampling reception scheme, for which a large reception aperture is still needed [15] . For guaranteeing the orthogonality of the multiple different OAM modes partial angular aperture reception (PAAR) method and partial aperture sampling reception (PASR) method were researched [25] , [26] . However, for the method of PARR or PASR, the transmitted or received OAM modes should be equal interval, such as = −2, 2, 6 with equal mode interval 4 when adopting this reception scheme with quarter reception aperture. Thus, although the aperture spending is saved through the partial aperture reception the utilization efficiency of the OAM mode spectrum cannot be efficiently used. Moreover, because of the different vortex beam divergence characteristics of the different OAM modes, large OAM modes interval is also not good for vortex wave consistency reception [15] . In most recently, an OAM mode selection method based on the discrete Fourier transform (DFT) feed network and channel matrix analysis is presented, which is an inspiring approach for multiple OAM modes vortex wave transmission and reception [31] . Metasurfaces have also been proposed to effectively generate and detect multiple OAM modes and multiple vortex beams in radio frequency domain [28] , [29] , [32] [33] [34] [35] [36] .
In [4] it referred to the statements that a uniform circular array (UCA) that used to sample the OAM field can be view as a discrete Fourier transform (DFT). Thus, it is easy to think that the sampling theorem is also suitable to the problems of the vortex wave reception. In this paper, we combine the Fourier transform theory and sampling theorem together to solve the problem of the vortex wave reception. We summarize the general OAM vortex wave aperture sampling reception (ASR) method and extend the original sampling theorem to the multiple OAM modes vortex wave reception through analogy method. Thus, the low order OAM modes sampling theorem and the high order OAM modes sampling theorem are presented which correspond to the general low pass sampling theorem and band pass sampling theorem respectively [37] .
Then, a new kind of aperture sampling reception method named variable scale aperture sampling reception (VSASR) is presented based on the already existed ASR method and the extended OAM modes sampling theorem analysis. This VSASR method could be used for continuous order OAM modes reception which could avoid the OAM interval restricts condition of the PASR. Thus the OAM modes multiplexing utilization efficiency is improved to some extent but with the cost of the occurred crosstalk OAM modes. And it is also good for the vortex consistency reception. Based on the obtained sampling data in the original big reception aperture, the different sampling date in the variable sampling aperture can be obtained. And the variable sampling aperture are less than the original big reception aperture. Then by making specific DFT calculation toward these sampling data from the variable sampling aperture respectively the different OAM modes can be received and distinguished. But because of the variable scale of the partial reception aperture, the strict orthogonality between the different OAM modes are damaged, which could lead to some unwanted crosstalk OAM modes. By performing the specific digital signal processing algorithm the crosstalk OAM modes could be filtered [38] .
We organize the rest of the paper as follow. In section II, we describe the OAM beam properties and the general ASR scheme principle briefly. And the extended OAM modes sampling theorem are given. In section III we show the basic principle of the proposed VSASR method but also some simple mathematical calculation examples are performed. Then, in section IV, we design some reflective metasurface antennas at 10 GHz to generate the specific OAM modes vortex wave. For different OAM modes, the curves of variation relationship between the OAM mode purity and the sampling reception radius are analyzed through the VSASR method. And the OAM modes spectrum line at a specific sampling reception radius are given. Both the simulation results and the measurement results are discussed, which are coincident well. Finally, in section V we come to the conclusions.
II. OAM VORTEX WAVE RECEPTION SCHEME
In this section, we first show the vortex wave properties of spiral phase distribution and beam divergence and briefly describe the general ASR scheme model. Then, we describe the ASR method principle in detail and show the extended low order OAM modes sampling theorem and high order OAM modes sampling theorem whose corresponding mathematical descriptions are give too.
A. OAM VORTEX WAVE PROPERTIES AND APERTUTE SAMPLING RECEPTION MODEL DESCRIPTION
The property that OAM vortex beam diverges along with the wave propagation direction are exhibited in Fig. 1 , in which both the intensity distribution as shown in Fig. 1 (a) and the phase distribution as shown in Fig. 1(b) are depicted. It can be seen that as the OAM vortex wave propagates away, a more large reception aperture is needed for effectively reception of the beam energy. The clear exhibition of a general reception aperture configuration is shown in Fig. 2 . The reception aperture circumference for sampling locates in the reception plane. The reception plane is perpendicular to the beam axis, and the center of the reception aperture circumference is at z-axis. Through the specific data processing methods toward the field data obtained from the reception sampling antenna or the sampling points, the vortex wave OAM modes can be received. A more detailed description about the schematic drawing of OAM vortex wave aperture sampling reception (ASR) method is shown in Fig. 3 .
B. APERTURE SAMPLING RECEPTION ANALYSIS
The electric field expression of the vortex beam carrying multiple OAM modes is a periodic function of variable ϕ, which can be written by a simplified expression as
where n = 0, ±1, ±2, · · · . And the item E n e jl n ϕ is the simplified mathematical expression of vortex wave field carrying the OAM mode, n . Referring the Fourier transform relationship between the time and frequency, the analogy relationship between the variable ϕ and can be expressed more clearly as Thus, the corresponding l-spectrum can be obtained, in which is the corresponding OAM mode, and |F | is the amplitude of the corresponding OAM mode.
It is easy to consider that the sampling theorem and the discrete Fourier transform (DFT) theory can be extended to analyze OAM mode spectrum or l-spectrum. Through the space sampling in ϕ domain, the multiple OAM modes carried by the corresponding vortex beam can be demultiplexed. As shown in Fig. 3 , the sampling method is uniform sampling which means that the interval angle between the adjacent sampling points is equal. We assume that there are M reception sampling points, the sampling start position is ϕ 1 , the reception aperture is 1/P of the full 2π reception aperture, and the maximum OAM mode value of the multiple OAM modes is max . The interval angle between the adjacent sampling points is ϕ = 2π/(PM ). Thus, the obtained sampling OAM mode spectrum interval repetition period is
According to the low pass sampling theorem we can analogously obtain the relationship between the max and s as
Moreover, because that the sampling period in ϕ domain becomes to T ϕ = 2π/P, the OAM mode that can be obtained in l-spectrum is
where n = 0, ±1, ±2, · · · . It should be noticed that this phenomenon is analogous to the ''Fence Effect'' that exists in DFT of time-frequency domain, which could be an important property for multiple OAM modes demultiplexing. In fact, (4) can be considered as the low order OAM mode sampling theorem in − ϕ domain. Correspondingly, according to the band pass sampling theory [37] the high order OAM modes sampling theorem can be easily derived as
In which H = 0 + B/2 and L = 0 − B/2 are the cut-off OAM modes of high order and low order respectively, s is defined same as (3), B = H − L is the corresponding multiplexed OAM modes bandwidth, and m = 1, 2, · · · , m max , in which m max is the obtained maximum integer that less than H /B. At this point, based on the low pass sampling theory and the band pass sampling theory, correspondingly, the general constraint conditions of multiple OAM modes ASR reception method are developed.
III. VARIABLE SCALE APERTURE SAMPLING RECEPTION MEHTOD
In this section, we discuss the VSASR method first. The corresponding principle and the operating procedures are described in detail. Then, a mathematical calculation example analysis is performed for better illustration about the VSASR method, and a conventional digital signal processing method is introduced for OAM modes filter.
A. VARIABLE SCALE APERTURE SAMPLING RECPTION METHOD
The variable scale aperture sampling reception (VSASR) method is proposed here based on the previous theory analysis. It is obvious that when the sampling aperture coefficient is 1/P = 1/3, the OAM mode that can be distinguished should satisfy (5), i.e., = 0, ±3, ±6, · · · . In fact, the sampling data obtained by the 1/3 sampling reception aperture have included the information of the other higher order OAM modes such as = ±4, ±5, · · · , although there are some crosstalk OAM modes interferences. Then, according to the (5) which behaves the ''Fence Effect'' in OAM modes spectrum analysis, by suitably adjusting the corresponding parameters of M and 1/P, the VSASR scheme is proposed. As shown in Fig. 3 , there are M sampling reception antennas, i.e. the sampling points, distributing with an equal interval angle of ϕ = 2π/(PM ) along the reception aperture circumference. The sampling points are defined with the serial number as 1, 2, 3, · · ·, M . If the original big reception aperture is set as 1/P = 1/2, then by changing the different sampling aperture coefficient 1/P i (1/P i < 1/P), the sampling point data in the variable scale aperture can be obtained from these existed M reception sampling points data with no other sampling points data needed. And the amounts of the sampling point that corresponds to the specific variable scale reception aperture can be approximately obtained by
where the function Y = round (X ) rounds each element of X to the nearest integer. This M i sampling data can be arbitrary M i continuous sampling points from the serial number from 1, 2, 3, · · ·, to M in theory. Thus, the other OAM modes corresponding to the sampling aperture coefficient 1/P i can be received to some extent. Based on (5) and (7) the relationships between the M , 1/P, M i , 1/P i and the recognizable OAM mode are constructed. And the relationships between the OAM modes that can be demultiplexed and the corresponding aperture coefficient 1/P are listed in Table 1 . This makes up the core concept of the proposed VSASR method. What needs to be added is that the method of Y = round (X ) will bring some approximation errors for M i in (7) . But the corresponding data point selection strategy towards M i in (7) adopted here is just for analysis brevity. In fact, through numerical interpolation method to whole M sampling data the corresponding M i sampling data can be obtained more precisely to some extent. Moreover, in real manipulation, the area selection for sampling points is also very important, which is related with the specific field distribution.
It should be noted that when the OAM mode = ±1 is included in the transmitted vortex wave, a whole reception aperture is still needed according to the relationships between the aperture scale and the OAM modes that can be received as shown in Table 1 . If the transmitted OAM modes are unknown, some radial direction sampling works are necessary to get some transcendental information for better receptions. This means that the VSASR method is more suitable for the scenarios where the transmitted OAM modes order are high and the OAM modes are known.
B. MATHMATICAL CALCULATION EXAMPLE ANALYSYS
For better illustrating and examining the effectiveness of the proposed VSASR method, a mathematical calculation example is executed first. Here, the orthogonal function set {e j i ϕ , i = 2 , 3 , 4 , 5 , 6} are used to constitute the original sum signal as follow,
which is related with the multiple OAM modes vortex wave in mathematical expression inherently.
Then, according to the principles of VSASR method and the reception scheme parameter configuration as shown in Fig. 3 , the sampling start position is set as ϕ 1 = 0. And 18 sampling points were placed equally along the 1/2 reception circumference aperture with π radian, which means that the value of the M is 18 and the aperture coefficient of the original big reception aperture is 1/P = 1/2. The sampling points were defined with the serial number from 1, 2, 3, · · ·, to M orderly. For convenience, the corresponding M i sampling points just from the serial number from 1 to M i are selected. According to the expression of the original signal function, f (ϕ), different sampling aperture coefficient 1/P i are selected as 1/3, 1/4, 1/5, and 1/6 respectively. Thus, based on (7) the corresponding sampling points M i turns to be 12, 9, 7, and 6 respectively. Through the VSASR method different basis functions items e j i ϕ can be distinguished. The corresponding analysis results are shown in Fig. 4 .
In Fig. 4 , the l-spectrum of the original sum signal is obtained through the presented VSASR method. The pictures from Fig. 4(a) to Fig. 4 (e) correspond to the different aperture coefficient 1/P = 1/2, 1/3, 1/4, 1/5, and 1/6 respectively. It can be seen from these computation results that although there are some crosstalk signals, the primary mode can be distinguished. Moreover, through the method of digital signal processing (DSP), the desired primary mode in the l-spectrum can be selected. Such as Chirp Z-transform (CZT) algorithm [38] , it can be used to select and filter the required OAM modes in the l-spectrum.
The CZT algorithm in time-frequency domain is mainly used to improve the spectrum analysis efficiency. One feature of the CZT algorithm is that it can be used to analyze the arbitrary frequency band range of the signal frequency spectrum. Based on this property, it is used here in our paper for primary OAM mode spectrum selection and analysis. For conciseness, here the CZT algorithm is not be described in detail. We just give a mathematical calculation example based on the original sampling data and the results in Fig. 4(a) . Through the CZT algorithm the corresponding primary OAM modes = 2, = 4, and = 6 can be distinguished. The corresponding -spectrum is shown in Fig. 5 . It can be seen from Fig. 5 that the primary OAM modes = 2, = 4, and = 6 are selected well.
IV. SIMULATION MEASUREMENT AND ANALYSIS
In this section, we design several reflective metasurface antennas at 10 GHz to generate the specific OAM modes vortex waves. The reflective metasurface antenna simulation model is described first. Then, the vortex wave carrying the OAM modes = 2, = 3, and = 2&3 are simulated respectively. The corresponding vortex electromagnetic field distribution is plotted. Subsequently, the variation relationship curves between the OAM modes purity and the sampling reception radius are plotted and analyzed. The OAM modes spectrum line distributions at a specific sampling reception radius are given too. Finally, the reflective metasurface antenna model that generate the multiple continuous OAM = 2&3 is fabricated and measured. The corresponding analysis processing is carried out in the same way as the simulation analysis processing, which is coincident well.
A. REFLECTIVE METASURFACE ANTENNA DESIGN
The layout of the designed reflective metasurface antenna model and the sampling reception configuration are shown in Fig. 6 . The polarization of the wave is linear along y-axis direction, and the element of the reflective metasurface antenna is designed as a metal ring. The parameters of the reflective metasurface antenna are listed in Table 2 . The needed compensation phase of the reflective metasurface antenna element can be obtained by adjusting the size of the metal ring of the array element. By designing the specific reflective metasurface antenna, the different vortex waves carrying OAM modes = 2, = 3, and = 2&3 respectively are generated. The simulation results obtained through the High Frequency Structure Simulator (HFSS) are shown in Fig. 7 . The field observation plane is set at z = 2.0 m with 1 m wide in both x-axis direction and y-axis direction.
And the sampling reception aperture circumference with reception radius R and with center at z-axis is set in the field observation plane. From the simulation results of the corresponding electric distribution of the vortex wave the OAM mode l = 2 and l = 3 can be recognized obviously. But for multiple OAM modes, it is not easy to distinguish the OAM mode just from only the field distribution property directly such as the phase distribution, thus the corresponding l-spectrum analysis becomes necessary.
B. SIMULATION RESULTS ANALYSIS
For better describing the sampling reception method, the corresponding coordinate and reception parameters configurations illustrations are shown in Fig. 8 . The sampling points distribute uniformly with equal angle interval along the sampling reception aperture. And here, the OAM mode purity (MP) is defined as where |F(j i )| 2 is the power of the OAM mode i , N is the total OAM mode components in the whole l-spectrum, and N j=1 F(j j ) 2 is the total power of all received OAM modes components in the corresponding whole l-spectrum. Based on these definitions the MP of different OAM modes combination sets are analyzed at different reception radius. Then, the multiple continuous order OAM modes vortex wave generated by the reflective metasurface antenna is demultiplexed through VSASR method. A half reception aperture circumference is set as the original big reception aperture. The corresponding parameter configuration is that the fixed reception radius is R = 0.2 m, the aperture coefficient is 1/P = 1/2, the sampling start position is ϕ 1 = 0, and the amount of the sampling points is M = 18 which has the serial number from 1, 2, 3, · · ·, to 18 orderly.
Subsequently, for receiving the OAM l = 3, based on the obtained 18 sampling points, the aperture coefficient is set as 1/P = 1/3 corresponding to the existing sampling points with serial number from 1, 2, 3, · · ·, to 12 orderly. Thus, as shown in Fig. 9 two OAM mode spectrum i.e., l-spectrum, corresponding to l = 2 and l = 3 are obtained respectively through twice DFT operations. The corresponding configuration of the sampling point position in the simulated vortex field is also exhibited briefly within Fig. 9 . It is obvious that different OAM modes, l = 2 and l = 3, can be demultiplexed effectively. Moreover, through the method of DSP such as Chirp Z-transform (CZT) algorithm, the corresponding OAM mode in the l-spectrum can be selected accurately, which can be taken as a kind of OAM modes filtering. It should be considered that the reception radius could affect the OAM modes spectrum distribution. So, the relationship between the MP of different OAM modes versus sampling aperture reception radius are researched. The relationships of MP versus reception radius are shown in Fig. 10 . The different OAM modes can be demultiplexed within a certain suitable reception radius range (where the corresponding MP is high for single OAM mode and where the corresponding MP of different OAM mode is in a comparative level for multiple OAM modes) although there are some crosstalk OAM modes existences. Comparing the results obtained in Fig. 10(c) , the results shown in Fig. 10(a) and Fig. 10(b) which are obtained through VSASR method, it is obvious that the different OAM modes can be demultiplexed more clearly through VSASR method because of its natural ''Fence Effect'' as mentioned before.
In addition, it should also be considered that the sampling position of whole sampling points could impact the OAM modes demultiplexing performance. For this issue, only a preliminary conclusion is given here which is that a better reception performance could be obtained at the position where the radiated field intensity is strong.
C. MEASUREMENT DESIGN
Based on the previous theory and simulation analysis, the designed reflective metasurface antenna with 40 × 40 elements for generating continuous order multiple OAM modes (l = 2 & l = 3) vortex wave was fabricated and measured in the microwave anechoic chamber. The reflective metasurface antenna prototype is shown in Fig. 11(a) and (b) which corresponds to the designed simulation model in Fig. 6 . And the near-field scanning measurement was performed in the microwave anechoic chamber. The experiment environment is shown in Fig. 12 . The measurement was performed at the operational frequency 10 GHz and the feeding source is a broadband horn antenna that works at 2-18 GHz. The measured E-field intensity and phase distribution are shown in Fig. 13(a) and (b), respectively.
It is obvious that the measured E-field distribution have the accordant distribution trend compared with the simulation results shown in Fig. 7(c) . But for the E-field phase distribution as shown in Fig. 13(b ), it appears a rotational transformation compared with the simulation results of phase distribution in Fig. 7(c) , which is because that in the situation Experimental environment for OAM vortex wave reception using near-field scanning technology in the microwave anechoic chamber. The distance between the feeding horn and the center of the reflective metasurface is 0.36 m with their center alignment. The main polarization component (vertical polarization or Y direction polarization) was detected by the standard probe working at 10 GHz. The scanning plane is 1 m × 1 m with sampling grid period of 6.25 mm leading to 161 × 161 sampling grid, which is set 2 m away from the reflective metasurface plane. of simulation and the situation of the real experiment they distances from the reflective metasurface antenna to the measurement scanning plane are different to some extent, which leads to different wave-path that causes the phase distribution rotation. The corresponding OAM modes reception analysis and demultiplexing through VSASR method will be implemented next.
D. MEASUREMENT RESULTS ANALYSIS
Based on the measured E-field distribution in Fig. 13 , the corresponding OAM mode reception analysis through VSASR method is implemented as same as the simulation situations. The relevant configuration illustration is same as shown in Fig. 8 . And the corresponding parameter configuration is same as simulation situation before. Then, the relationships analysis between mode purity of different OAM modes versus sampling aperture radius is performed. And the corresponding results are shown in Fig. 14. Compared with the simulation results analysis shown in Fig. 10 , the reception radius range area that can well demultiplex the OAM modes is decreased and the influences of the crosstalk OAM modes is more obvious and serious, which could be brought by the measurement errors such as the issue of the reflective metasurface antenna alignment. The antenna alignment is a very important influence factor in antenna measurements especially for OAM vortex wave reception measurement because of its specific phase measurement necessity.
Subsequently, two OAM mode spectrum corresponding to l = 2 and l = 3 are obtained respectively at a fixed reception radius as shown in Fig. 15 through VSASR method. The corresponding sampling point position is also exhibited within Fig. 15 . The reception radius adopted here is 0.2 m same as the simulation situation before. From the demultiplexed OAM modes spectrum results shown in Fig. 15 the specific OAM mode l = 2 and l = 3 are demultiplexed. Although the crosstalk OAM modes exist especially in Fig. 15(b) which have been reflected in the results as shown in Fig. 14(b) , the effectiveness of our proposed VSASR method can be proved. Of course, if the reception radius is selected based on the curve variation relationships in Fig. 14 a more suitable reception radius can be obtained, which could correspond to a better reception quantity than the results shown in Fig. 15 . And by executing the suitable DSP methods for OAM modes filtering, a well reception can also be obtained to some extent.
V. CONCLUSION
For the OAM vortex wave reception problem, in this paper, we combined the Fourier transform and the sampling theorem to analyze the issues of multiple OAM VOLUME 7, 2019 modes reception. To our best knowledge the corresponding low order OAM modes sampling theorem and higher order OAM modes sampling theorem were extended and summarized first time from the ordinary low pass sampling theorem and band pass sampling theorem. For the drawbacks, the low OAM modes usage efficiency and bad performance in vortex wave consistency reception, of the existed PASR method, a modified VSASR method was proposed which mainly based on the ''Fence Effect'' that exists in OAM modes spectrum analysis. Although it brings the crosstalk OAM modes the VSASR method could be used for continuous order OAM modes demultiplexing to improve the OAM modes utilization efficiency and vortex wave consistency reception to some extent. Considering the influences of the crosstalk OAM modes in reception analysis the thought of OAM mode filtering using the DSP method was also presented inspiringly. Moreover, as the introduction of Fourier Transform theory, Nyquist sampling theorem and DSP method, it might open more new ideas for the OAM relevant research issues including its generation, propagation and reception, which could develop and promote the practical relevant applications and researches of OAM vortex waves. 
